A last resort means to restoring a severely degraded ecosystem can involve soil transfer, especially when destruction of an undegraded system has been previously independently planned. We measured the impact of different soil transfer treatments that varied in vertical and orderly reconstitution of the main soil horizons on the microbial activity and organic matter composition during restoration of a Haplic Cambisol in a steppe ecosystem. There were differences between the topsoil of the reference ecosystem and the soil transfer treatments in terms of physicochemical parameters and microbial activity, but this was not the case when topsoil was not replaced at the soil surface. Three years following restoration, the transferred topsoil treatment, where the three main soil layers were transferred, contained lower particulate organic matter content than the steppe reference soil, despite similarity in potential carbon mineralization. Soil profile descriptions revealed strong differences in overall organization between the transferred soil and the undisturbed steppe soil, particularly with respect to lower biological activity and a lack of connectivity between pedological horizons via the plant root systems and the earthworm activity in the transferred soil. This suggests that soil transfer conducted to retain soil horizons provides good results when the topsoil is transferred, but it may result in altered biological activity, profile morphology, and organic matter content compared with the reference system.
Introduction
To restore ecosystems, it is important to take into account both vegetation and soil (Heneghan et al. 2008) . As an example, restoring adequate fertility to that of the reference ecosystem may be prerequisite for reestablishment of a desired species-rich plant community (Janssens et al. 1998; Jaunatre et al. 2014) . During a soil transfer, soil material and biota are translocated from a donor site to a receiver site, which ensures the transfer of soil physicochemical attributes, soil organic matter, pedofauna, soil flora, and microbial biomass (Clewell & Aronson 2013) . However, soil transfer can have negative impacts on plant communities, leading for example to colonization by nontarget species such as ruderal or invasive species. These nontarget species are often promoted by the release of nitrate from the accelerated oxidation of organic matter induced by stockpiling before soil transfer (Bruelheide & Flintrop 2000) . The storage and transfer of large quantities of soil therefore have also an impact on its properties, its quality, and the life it supports (Johnson et al. 1991; Whalley et al. 1995; Curry 2004) . Moreover, translocated soil may carry a higher nutrient content due to the disturbance of soil structure (Bruelheide & Flintrop 2000) and compaction that can occur during transfer (Trueman et al. 2007 ). Because soil is a vital and a nonrenewable resource Author contributions: TD conceived and designed the research; ABu, ABé, KP, FB, TD performed the experiments; ABu, KP analyzed the data; ABé, FB, TD contributed materials/analysis tools; ABu, ABé, FB, TD wrote and edited the manuscript.
( Van-Camp et al 2004) , soil transfer is not a sustainable restoration process, but direct transfer or hauling may be an alternative in severely degraded ecosystems. Indeed, direct transfer can preserve the properties and soil quality, and it can avoid or minimize seed loss or microbial biomass, from the donor site to the receiver site (Pfannenstiel & Wendt 1984; DePuit 1984; Nwaishi et al. 2015) .
Organic matter dynamics can indicate restoration of soil function in formerly degraded/destroyed ecosystems. Organic matter provides mineral nutrition to plants, aids in circulation and water retention, and creates habitat for soil organisms via soil structure (Stengel et al. 2009 ). It also contains different pools related to microbial function (e.g. excretion of different amounts and types of enzymes) (Krull et al. 2003; Trumbore 2009) , and varies with respect to biological stability (labile, stabile, refractory, and inert), decomposition rate (fast-active, slow-intermediate, and very slow/passive/inert) and turnover time (short, long, and very long). The labile pool (fast-active decomposition rate) reacts quickly (decomposition occurs from days to years) and influences current soil functioning.
A soil transfer was conducted in response to mandated restoration in the La Crau plain (southeastern France steppe) after a pipeline leak (Bulot et al. 2014) . Our objective was to assess the degree to which the soil transfer treatments achieved characteristics of a reference soil condition in a short time (3 years). Some pedological parameters (coarse elements, organic stable or passive pools, morphology of soil profile, etc.) can have a slow response to disturbance (Parr & Papendick 1997) . However, other parameters (microbial activity, organic labile pools, etc.) can respond rapidly (DeGryze et al. 2004; Schils et al. 2008) . It is then important to measure all these parameters to better estimate the overall soil quality (Haynes 2000; Franzluebbers 2002) . We measured the impact of a soil transfer on (1) the morphology of soil profile using descriptors/indicators, (2) organic matter and nutrient dynamics, and (3) microorganisms. Three treatments involving partial or total reconstitution of the soil vertical organization were tested. We hypothesized that only the reconstitution of all pedological horizons would rapidly restore topsoil functioning (microbial biomass and activity, nutrients and organic matter dynamics) and soil profile morphology to represent that of the reference steppe condition.
Methods

Study Region
The study was carried out in the La Crau plain, located in the French Mediterranean region, in the foreland of the Western Alps (Fig. 1 ). This former outlet of the Durance River was generated by quaternary deposits during the Pleistocene (Molliex et al. 2013 ). The topography is extremely flat, with more than 50% of the soil surface covered by siliceous stones washed down from the Alps. In this ecosystem, a millennia of interactions among soil, climate, and traditional sheep grazing have shaped a unique steppe plant community in Western Europe (Henry et al. 2010) . A stony conglomerate composed of pebbles contained in a calcium carbonate matrix prevents the plant root system from reaching the water table located 40-60 cm deep (Römermann et al. 2005) . The climate is Mediterranean, with a mean annual temperature of 14.5 ∘ C, an average 540 mm yearly precipitation, mainly in spring and autumn, and 110 days/year with a wind more than 50 km/hour .
The soil is a shallow Mediterranean red soil with a soil surface layer removed by wind erosion during the Late Glacial Period. This soil is called "fersialsol leptique" according to the "Référentiel Pédologique 2008" (AFES 2009 ), corresponding to "Haplic Cambisol" in WRB (2006 . The soil consists of three pedological horizons (AFES 2009). The first is an organo-mineral topsoil (0-20 cm deep) largely composed of rounded pebbles (40-70% of the surface) from a remnant of the Durance's River former river bed. This horizon contains a mixture of organic (2.5-3.5%) and mineral matter. The second is a mineral horizon (20-40 cm deep) consisting of brown to red-brown soil that is very stony and differs from the bedrock in a higher degree of alteration (presence of free Fe 2 O 3 ), and from the surface topsoil in its structure. The last horizon is altered bedrock (more than 40 cm deep) formed by the dissolution of the matrix hardened by rainwater rendered acidic by moving within the upper horizons.
Study Site
The study site was an area undergoing ecological restoration as a result of an oil leakage that completely destroyed a 5.5 ha area within the National Nature Reserve (43 ∘ 31 ′ 36.77 ′′ N, 4 ∘ 53 ′ 04.50 ′′ E) on 7 August, 2009 (Fig. 1) . The whole soil profile, the geological bedrock, and the groundwater were polluted. Restoration consisted in the excavation and removal of the polluted soil (72,000 tons) to a specialized treatment centre. Soil was transferred to fill the excavated area. In spring 2011, soil with the same characteristics as the excavated soil was transferred from a nearby active quarry (4 km distance, Fig. 1 ). The soil transfer was done during a rainy period using direct translocation (no stockpiles) with substituting one replaced soil unit for one removed soil unit. The main soil horizons were reconstituted in their different degrees of profile complexity, as derived from the original pedogenesis in the reference undisturbed steppe soil. This process enabled us to evaluate three treatments involving partial or total reconstitution of the soil vertical organization.
Experimental Design
To assess the importance of soil profile reconstruction for the recovery of soil characteristics, four treatments were applied from January 2011 to April 2011. Five 100 m 2 plots of the following vertical organization treatments were established: (1) "topsoil" comprising altered bedrock (35-40 cm deep) + subsoil (20-35 cm deep) + topsoil (0-20 cm deep); (2) "subsoil" containing altered bedrock (20-40 cm deep) + subsoil (0-20 cm deep); (3) "altered bedrock" containing only altered bedrock (from surface to 40 cm deep); and (4) "step," the reference soil transferred from nearby undisturbed steppe with intact soil vertical organization of altered bedrock, subsoil, and topsoil (Fig. 2) . The "step" soil was grazed by sheep. The "altered bedrock" treatment was a negative control because it would have been applied by the industrial owner of the pipeline over the whole area of site if there were no ecological restoration requirements. In winter 2013, 3 years after the soil transfer, soil profile descriptions were realized at the center of one randomly selected plot for each treatment. A profile was dug down to the geological bedrock. The physical and biological states of plots were described according to the standardized method of Baize and Jabiol (2011) (Fig. 2 , Table 1 ).
Soil Analyses
Soil Sampling. Soil samples were taken and analyzed immediately after the soil transfer in spring 2011 just after the soil transfer (Bulot et al. 2014 ) and 3 years later in autumn 2013, to evaluate change in pH, nutrients (CaO, K 2 O, and P 2 O 5 ), and particle sizes (silt, sand, and clay). Five 200 g soil samples were extracted with a shovel (the soil was too hard with the presence of a lot of pebbles for using a soil core) to at a depth of 10 cm in the five 100 m 2 plots for each treatment. To account for the heterogeneity inside plots, samples were homogenized by mixing three subsamples taken randomly in each plot. The same protocol was used in 2011, 2012, and 2013 to evaluate the particulate organic matter (POM) dynamics and the potential C and net N mineralization rates.
Physicochemical Parameters. After drying and sieving (2 mm) the soil, physicochemical properties were measured according to standardized methods: pH in soil using a water ratio of 1:2.5; CaO and K 2 O by the Metson method; and available phosphorous by the Olsen method (Olsen 1954; Metson 1957) . Percent clay (<2 μm), silt (2-50 μm), and sand (50-2000 μm) were determined according to the Robinson method (Baize 2000) without decarbonation. Total organic C and total N content were quantified from bulk soil (before fractionation) in 2011, 2012, and 2013 by dry combustion using a CHN elemental analyzer in the laboratory of soil analyses of Arras (ISO 10694).
Physical Fractionation of Soil Organic Matter. Physical fractionation of soil organic matter allows labile pools to be distinguished from stable pools (Feller 1979) . POM is biologically and chemically active and is part of the labile (easily decomposable) pool of soil organic matter (Cambardella & Elliott 1992; Carter et al. 2003 ) characterized by decaying plant residues ranging in size from 50 to 2,000 μm. This organic matter pool was determined from air-dried soil samples which were sieved to 2 mm. We used a simplified NF X31-516 method (2007) for the granulodensimetric fractionation of soil POM in water. This method revealed the quality of the organic reserves in the soil (labile pools ranging from 50 to 2,000 μm and stable pools <50 μm). We have also measured the POM ratio relative to the total soil mass (POM weight %), ratio of POM C to total organic carbon (C-POM/organic C), and ratio of total organic carbon to total nitrogen (C:N). rates using aerobic incubations under standard laboratory conditions (80% water holding capacity, 28 ∘ C) for 28 days (Hart et al. 1994; Robertson et al. 1999 ). The indicators of potential C mineralization were (1) the quantity of C mineralized as CO 2 -C during 28 days (mg CO 2 -C g dry soil −1 28 d −1 ) and (2) the C mineralization rate calculated from the ratio of C mineralized as CO 2 -C during 28 days and total organic C in the bulk soil.
Microbial Metabolic Diversity. In 2013, soil respiration and microbial metabolic diversity were measured. We used the microrespirometry method, which measures substrate-induced respiration (SIR) response of the whole-soil samples in a short-term bioassay (Chapman et al. 2007 ).
Quantification of CO 2 , a by-product of mineralization by microorganisms, was used to assess aerobic soil respiration. The CO 2 emission rate was quantified via microrespiration using the MicroResp TM system (Campbell et al. 2003) . A 96-well microplate (1.2 mL volume) was filled with soil (fresh soil, sieved to 2 mm). Wells received either water alone (basal respiration [BR]) or aqueous carbon substrates (SIR). The microplate was then sealed to a colorimetric CO 2 -trap microplate and incubated in the dark at 23 ± 2 ∘ C for 6 hours. Absorbance of the detection microplate was measured at 570 nm. The quantities of CO 2 released were calculated with a calibration model (Renault et al. 2013 ) and results were expressed in μg C-CO 2 g −1 hour −1 . Mineralization of seven carbon substrates (glucose, trehalose, d-cellobiose, glycine, l-alanine, d-(+)-glucosamine, and malic acid) was used to quantify community-level physiological profile (CLPP). The added carbon substrates were chosen to represent root exudates, and other organic matter inputs of plant or animal origin. This enabled us to assess the catabolic diversity of the soil and microbial biomass via measurements SIR glucose (Anderson & Domsch 1978) . The metabolic quotient qCO 2 was calculated as the ratio of BR to SIR glucose (Chapman et al. 2007; Bérard et al. 2011) to determine how efficiently microorganisms use available carbon in soil (Anderson & Domsch 1990 ). This quotient is considered a microbial eco-physiological indicator.
Statistical Analysis
To analyze data on physicochemical parameters, organic matter, microbial metabolic diversity, and microbial activity, one-way analysis of variance (ANOVA) tests were performed, followed by post hoc Tukey's tests. These tests were performed to compare means ( = 0.05) between the different modalities of soil transfer during the last year of monitoring (2013) . When data did not conform to parametric conditions, means normality of model residuals (Shapiro's tests) and homogeneity of variances (Mauchly's tests), treatments were compared via nonparametric tests: Kruskal-Wallis tests, followed by pairwise Mann-Whitney-Wilcoxon comparisons with a p-value adjustment according to Benjamini-Hochberg's method (Benjamini & Hochberg 1995) .
Organic matter (POM and C-POM/organic C) did conform to the normality of model residuals (Shapiro's tests) and the homogeneity of variances (Mauchly's tests), so repeated measures ANOVAs were performed followed by pairwise t-tests with a p-value adjustment according to Benjamini and Hochberg (1995) to compare means among 3 years of monitoring (2011, 2012, and 2013) within each treatment. We used paired t-test with also a p-value adjustment according to Benjamini-Hochberg's method (Benjamini & Hochberg 1995) to compare two monitoring years (2011 and 2013) for Table 1 . Soil profile descriptions in each treatment and in the reference steppe: "altered bedrock" (AB), "subsoil" (SS), "topsoil" (TS), "Reference Steppe" (Step). (Fox & Weisberg 2011) .
RESULTS
Three years after the soil transfer, there were significant differences in soil physical characteristics among the soil transfer and the "step" treatment (Table 2) . Silt content increased with vertical organization and depth to bedrock from the negative control to the "step" treatment. Conversely, sand content decreased from the negative control to the treatment "topsoil." With respect to clay content, there were no significant differences among the "subsoil" and "step" treatment. There was significantly higher clay content in the "subsoil" treatment, but lower clay content in the negative control. Organic C, total N, and K 2 O content increased with vertical organization and depth to bedrock from the negative control to the "step" treatment, with no significant difference found for K 2 O between the "topsoil" treatment and the "step" treatment (Table 2) . Conversely, pH decreased from the negative control to the treatment "step." In addition, CaO was significantly higher in the negative control and in the treatment "subsoil" than in the treatment "topsoil" and "step." No significant difference was occurred for available phosphorous. In 2013, POM relative weight (percentage of POM relative to the total soil) differed significantly among treatments (F = 50.17, df = 3, p < 0.001; Fig. 3A ). This POM relative weight increased with vertical organization and depth to bedrock from the negative control to the "step." In all treatments the POM relative weight ratio was lower in 2013 as compared with 2011, but this difference was significant only in treatments "topsoil" and "step" treatments ( Fig. 3A) .
In 2013, the ratio of C-POM/organic C was significantly lower in the negative control than in the other soil transfer treatments and in the treatment "step" (F = 15.42, df = 3, p < 0.001; Fig. 3B ). The ratio between organic C content of POM and total organic C decreased significantly in the soil transfer between 2012 and 2013, and also in the negative control, dropping to almost 0%, although not significant. In the treatment "subsoil," no significant differences were recorded. In the treatment "topsoil," there was a decreasing trend over the years, with a significantly lower ratio between 2011 and 2013 (Fig. 3B ).
The C:N ratio of the bulk soil differed significantly among all treatments. The treatment "subsoil" had the highest value, while the transferred "topsoil" and the treatment "step" had the lowest significant values. The C:N ratio in the treatment "step" was significantly higher than in the treatment "topsoil" but significantly lower than in the negative control and in the treatment "subsoil." The C:N ratio of the POM differed significantly between the treatments and the treatment "step," which had the highest value. No significant difference was measured for the C:N ratio of the POM fraction <50 μm (Fig. 4) .
Potential C mineralization differed significantly among the treatments, with an increasing gradient from the negative control to the treatment "step" ( 2 = 16.58, df = 3, p < 0.001; Fig. 5A ). However, no significant difference occurred between the "topsoil" and "subsoil" treatments. The only significant C mineralization increase occurred in the treatment "topsoil" and in the treatment "step" between 2012 and 2013 ( Fig. 5A) . No significant differences were measured among treatments (A) (B) for the ratio between organic C mineralized in CO 2 during short-term incubations and total organic C ( 2 = 4.04, df = 3, p > 0.05; Fig. 5B ). Between 2012 and 2013, an increasing trend was recorded in all treatments, except in the negative control (Fig. 5B) . Net nitrogen mineralization potential did not differ significantly among treatments, but there was N immobilization in all treatments except the negative control (F = 3.47, df = 3, p > 0.05). The same trend was measured for the ratio between mineralized nitrogen and total N (F = 4.44, df = 3, p < 0.05). Less N mineralization potential was recorded in all treatments, but these differences were only significant in the negative control between 2012 and 2013 (Fig. 5C) . Results were the same for the ratio between mineralized N and total N, with a significant difference between 2012 and 2013 in the negative control (Fig. 5D) .
In 2013, the BR of the treatment "topsoil" was similar to that of the treatment "step," whereas the negative control still showed significantly lower BR than the "topsoil" and "step" treatments ( Fig. 6A) . The microbial biomass showed the same trend, with significantly higher values in the treatment "topsoil" and in the treatment "step" than in the negative control (Fig. 6B) . In contrast, qCO 2 values showed an increasing gradient from the treatment "step" to the negative control, with significantly higher values for the negative control than for the "step" treatment ( Fig. 6C ). Microbial catabolic structure discriminated among the different soil transfer treatments. Very high respiration rates were induced by the malic acid in the treatment "step," and the treatment "topsoil" was the most similar to this one, with a higher catabolism of sugars and malic acid than in the other treatments (Fig. 7) .
Discussion
This study measured the importance of the soil vertical organization to restore a site severely degraded by a petrol leak using soil excavation of and transfer in a Mediterranean dry grassland. The soil horizons were constructed by transferring soil from a donor site which has been destroyed through a quarry extension. Three years after this operation, there was evidence of topsoil recovery. However, the removal of the soil was not the best option to restore and this methodology must be retained as the "last choice" when it is not possible to decontaminate the polluted soil by "in situ" or "ex situ" methodologies.
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Ecological restoration by soil transfer In comparison with the topsoil of the reference ecosystem, respecting the vertical organization of the three main soil layers during soil transfer was the best method to recover physicochemical parameters and microbiological activity. Nevertheless, three 3 years after the reconstitution of the main soil horizons, some soil characteristics remained different from the reference steppe. Only the transferred "topsoil" was colonized by roots of annual species, with very few earthworm galleries. This could be explained by the destruction of the below-and aboveground biomass of the dominant perennial herbaceous plant species of the steppe vegetation (Brachypodium retusum, Dactylis glomerata) during the transfer (Bulot et al. 2014) . Thus, no mixing was apparent between the different soil horizons via the plant root systems or earthworm activities. Accordingly, the limits between the different pedological horizons remained more distinct in the transferred topsoil than in the reference steppe. The soil profile was also drier, particularly with increasing depth. This dryness of the deep soil could result from scarce water Figure 6 . Soil microbial basal respiration (A), microbial biomass (B) and metabolic quotient qCO 2 (C) in 2013. Means and error standards are given: reference steppe (Step, dark gray), transferred topsoil (TS, gray), transferred subsoil (SS, light gray), and transferred altered bedrock (AB, white). Error bars represent ±SE; bars sharing common letters do not have significant differences (p-value > 0.05). circulation between the soil layers due to the absence of anecic earthworm galleries (Edwards 2002) , which were unable to colonize the whole profile likely due to soil compaction. Soil compaction is known to affect the abundance, the biomass, and the distribution of earthworms (Radford et al. 2001 ). The lack of soil pores also plays a role in the infiltration, storage, and drainage of water (Kutílek et al. 2008) . Soil compaction can impact the growth and distribution of roots, thereby affecting water dynamics and plant growth (Unger & Kaspar 1994) . Similar results were observed in the treatments "subsoil" and "altered bedrock," exacerbated by the lack of original topsoil. It is clear that even when the vertical soil organization is fully reconstructed, soil transfer likely disrupt the pedological long-term organization of the whole profile (0-40 cm). Thus, biological activity, that influences soil structure (earthworm activity and root penetration), the water and air circulation (porosity, permeability), needs to be monitored to evaluate recovery of soil onwards the reference soil profile structure.
With regard to physicochemical parameters, the highest contents of calcium and pH in the "topsoil" treatment were explained by the solubilization of calcium carbonates from the calcareous matrix or calcareous stones degraded during the transfer. This was especially pronounced in the subsoil and in the altered bedrock, originally closer to the calcareous conglomerate. Similar results were previously obtained in the same area in formerly cultivated fields (Jaunatre et al. 2014 ) and after trenching for pipelines (Coiffait-Gombault et al. 2012) . Increasing organic C content from the negative control ("altered bedrock") to the treatment "topsoil" supported our expectation that the deeper soil layer would contain less organic matter, and therefore less soil C (AFES 2009). This was also confirmed by the POM content, which accounted for a large part of the 362
Ecological restoration by soil transfer total organic C content in the different treatments, except for the negative control. However, as with total organic carbon content, POM content was significantly lower in all treatments than in the reference steppe, even in the treatment "topsoil." New easily biodegradable organic matter inputs from annual plants could have boosted the activity of microorganisms, favoring organic matter consumption in this treatment (Fontaine et al. 2003) . Significantly higher ratio between particular organic matter ratio and the total soil mass in the reference steppe support this hypothesis. The grazed reference steppe soil may have regularly received new inputs labile organic matter with rapid turnover (Cambardella & Elliott 1992; Haynes 2000) . These contrasts with the treatment "topsoil" which showed a significant decrease in POM after the soil transfer and in the absence of grazing (Bulot et al. 2014 ). In the reference steppe, temporal variation in POM content over the 3 years of monitoring may have resulted from spatial heterogeneity of the vegetation in the La Crau plain where small patches of perennial species (B. retusum), annual species, and bare soil form a complex mosaic (Römermann et al. 2005) . Another explanation is that organic matter inputs may vary between years and seasonally within a year as a result of differences in primary production as they are affected by climate, grazing, and plant population dynamics (Bourrely et al. 1983 ). In addition, it has been demonstrated that several soil variables show seasonal variations as N mineralization (Xu et al. 2007; Zhou et al. 2009 ), and temperature and water soil content are important seasonal factors controlling soil respiration (Bell et al. 2009 ).
When the C content of POM and the total organic C ratio were considered, only the negative control was lower due to the absence of fresh organic input with high coarse mineral (siliceous pebbles) and sand contents. Post-restoration vegetation establishment was much slower in the negative control than other treatments (Bulot et al. 2014) . In 2013, the high C:N ratio of POM measured in the reference steppe could be explained both by greater inputs of organic matter and by slow degradation of POM mainly because of the more extensive belowground biomass (herbaceous perennial plant roots) in the reference steppe than in the other treatments as revealed by the soil profiles. The lower C:N ratio of POM in the treatment "subsoil" indicates higher quality litter inputs in the past. This was due to the nature of the subsoil layer which contains old, inherited organic matter associated with the mineral fraction of the soil (AFES 2009). The soil profile description of this treatment also shows the presence of only a few fine roots of annual plants, suggesting that there was very limited input of fresh organic matter after its transfer. High variation in the C:N ratio of POM, measured in the transferred altered bedrock in 2012 and between 2012 and 2013, was certainly due to the fact that the samples were taken close to a small patch of annual vegetation instead of from the bare soil characteristic of most of soil surface of this treatment.
Similar potential carbon mineralization rates were obtained in the soil transfer treatments (except for the negative control) and in the reference steppe. Thus, the decrease in POM content measured between 2012 and 2013 in the treatment "topsoil" could not be explained by higher C mineralization. Because new inputs of organic matter from perennial plants were lower in this horizon than in the reference steppe, the original stock of organic matter was likely mineralized and not renewed. In the treatment "subsoil," the biodegradation of organic carbon and mineralization of nitrogen reduced the old organic matter content whereas, in the transferred altered bedrock, new inputs of fresh organic matter from annual plants enriched this poor treatment in organic matter. Thus, carbon mineralization varied greatly depending on whether there was rapid colonization of new organic matter by microorganisms and thus rapid mineralization or no mineralization in bare soil areas without inputs of fresh organic matter.
Nitrogen mineralization measured in 2013 indicated high rates of nitrification. This mineralization was similar between the treatments "subsoil," "topsoil," and "step." This means that microorganisms were able to find their energy resources even in the old organic matter which characterized the subsoil layer. In the negative control, microbial activity immobilized the little available N, making N the limiting factor. Two to three years after the soil transfer, net N mineralization tended to decrease, most likely due to the associated decrease in POM.
Microbial microrespirometric measurements suggested a positive gradient of microbial biomass and BR and a negative gradient of metabolic quotient (qCO 2 ) among the restoration treatments with increasing vertical organization to the steppe soil. The higher qCO 2 values, especially in the negative control, can be explained in part by low microbial biomass and presence of a "younger microbial community" with higher energy needs, as demonstrated by the trend to more mineralize the nitrogen to cope with the new soil conditions created after soil transfer and the ensuing surface exposure of the altered bedrock (Anderson & Domsch 1990 ). In addition, the microbial communities' efficiency to catabolize malic acid in the reference steppe, and to a lesser extent in the treatment "topsoil," may be explained by feedback between plants and microbial edaphic environment, through root exudates and their direct input of organic matter. As floristic surveys have shown (Bulot et al. 2014) , some plant species were present both on the treatment "topsoil" and on the reference steppe but to a far lesser extent on the treatment "subsoil" and on the negative control. Some plants were from families known to contain C4 species (ex: Poaceae), which can produce malic acid, particularly under conditions of waterstress (Du et al. 2012) . Other plants produce organic acids, including malic acid, under conditions of nutrient limitation (Ryan et al. 2001) . It is possible that the abundance of plants with the potential to produce and excrete malic acid favored development of soil microbial communities in the reference steppe and treatment "topsoil" that catabolize malic acid.
Our hypothesis was that the reconstitution of all pedological horizons would improve soil recovery in the short term concerning topsoil functioning (microbial biomass and activity, nutrient dynamics, and organic matter fractions) and profile morphology. Our results supported this hypothesis because the soil functions of the treatment "topsoil" closely resembled those of the reference steppe even after 3 years, and that any remaining differences were likely due to differences in the soil heterogeneity and in plant community composition and dynamics, which may arise from the grazing in the surrounding undisturbed steppe (Bulot et al. 2014; Jaunatre et al. 2014) . Other studies have already demonstrated that, in some dry ecosystems, raw soil substrate gave successful restoration results (Tischew & Kirmer 2007; Eichberg et al. 2010) and that vertical organization of the soil layers did not seem important. However, soil transfer may also result in altered biological activity, profile morphology, and organic matter content compared with the reference system. Because the physicochemical, microbial parameters', and soil profiles' morphology respond differently after restoration in the short term, these different soil parameters should be studied now in the long term.
In conclusion, soil transfer can be used as a restoration technique because it is a method which can have encouraging results concerning the short-term plant recovery (Kiehl et al. 2010; Bulot et al. 2014; Jaunatre et al. 2014) , and which allows the maintenance of a low fertility of removed and transferred soil as revealed by the results of our study. Nevertheless, the transfer of large quantities of soil requires the use of civil engineering methods (use of worksite earth moving equipment, transport trucks, etc.), which involves hydrocarbon consumption, greenhouse gas emissions (CO 2 , NO x , etc.), soil compaction, and alteration during transportation. Soil transfer must then be employed in last resort for restoration of extremely degraded ecosystems, as in the case for reclamation of mined lands (DePuit 1984; Helm & Carling 1993; Sheoran et al. 2010) , and it should be also limited to particular cases where the destruction of the soil of the donor site is inevitable and independently planned (Bullock 1998; Bruelheide & Flintrop 2000; McLean 2003; Vécrin & Muller 2003) . 
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